Abstract Performance of dye-sensitized nano-crystalline TiO 2 thin film-based photo-electrochemical solar cells (PECSCs) containing gel polymer electrolytes is largely governed by the nature of the cation in the electrolyte. Dependence of the photovoltaic performance in these quasi-solid state PECSCs on the alkaline cation size has already been investigated for single cation iodide salt-based electrolytes. The present study reports the ionic conductivity dependence on the nature of alkaline cations (counterion) in a gel polymer electrolyte based on binary iodides. Polyacrylonitrile-based gel polymer electrolyte series containing binary iodide salts is prepared using one of the alkaline iodides (LiI, NaI, KI, RbI, and CsI) and tetrapropylammonium iodide (Pr 4 NI 
Abstract Performance of dye-sensitized nano-crystalline TiO 2 thin film-based photo-electrochemical solar cells (PECSCs) containing gel polymer electrolytes is largely governed by the nature of the cation in the electrolyte. Dependence of the photovoltaic performance in these quasi-solid state PECSCs on the alkaline cation size has already been investigated for single cation iodide salt-based electrolytes. The present study reports the ionic conductivity dependence on the nature of alkaline cations (counterion) in a gel polymer electrolyte based on binary iodides. Polyacrylonitrile-based gel polymer electrolyte series containing binary iodide salts is prepared using one of the alkaline iodides (LiI, NaI, KI, RbI, and CsI) and tetrapropylammonium iodide (Pr 4 , and Cs + iodides is 260.27, 133.65, 65.27, 25.32, and 8.36%, respectively. The highest efficiency of 4.93% is shown by the solar cell containing KI and Pr 4 NI. However, the highest enhancements of ionic conductivity as well as the energy conversion efficiency were exhibited by the PECSC made with Li Introduction Dye-sensitized, nano-crystalline TiO 2 thin film-based photoelectrochemical solar cells (PECSCs) have attracted significant interest after the first report by O'Regan and Grätzel [1] . Within few years, the energy conversion efficiency of such cells has been improved to 12% [2] [3] [4] . Although, at present, these liquid electrolyte-based solar cells have reached an efficiency of about 14% [5] , and quasi-solid state configuration have attracted much attention due to their better stability, non-flammability, negligible vapor pressure, and simpler cell preparation techniques [6] [7] [8] [9] . Although the performance of dye-sensitized PECSCs is largely governed by the charge transport and the nature of the ions in the electrolyte [10] [11] [12] , detailed studies of these aspects are lacking in the literature.
Despite the fact that gel polymer electrolytes have exhibited many advantages such as simple cell construction and higher physical and chemical stability, the energy conversion efficiencies of quasi-solid state PECSCs at present are low in particular due to the charge transport limitations in the bulk of the electrolyte as well as at the electrode/electrolyte interfaces. Several methods have been employed so far in order to increase the ionic conductivity in these quasi-solid state polymer electrolytes. The widely used methods incorporate suitably selected plasticizers and/or inorganic fillers to enhance the ionic conductivity [13] [14] [15] . It has been established that the nature and the concentration of ionic species in the electrolyte have a profound influence on the conductivity in these polymer electrolytes [16] [17] [18] . In particular, the size, shape, and charge density of ions have independent and profound influences on both the conductivity and the ionic strength in a quasi-solid (gel) polymer electrolytes [10, 17] .
Many iodide salts have been investigated to be used in electrolytes for dye-sensitized PECSCs. LiI, NaI, KI, tetrapropylammonium iodide, and imidazolium iodide-based ionic liquids have been widely used in such electrolytes. The importance of iodide/triiodide transport in the electrolyte for the performance of such PECSCs is obvious, but the cation also has a vital role in the electron transfer dynamics in such cells [16, 19, 20] .
Counterion effects of single cation iodide salts in quasi-solid PECSCs
Electrolytes based on single cation iodide salts have been tested in quasi-solid state dye-sensitized PECSCs in order to study the counterion effects on the cell performances. Shen et al. [16] have studied the effect of alkali-metal cations in polyethylene oxide (PEO)-based gel electrolytes suitable for quasi-solid state PECSCs. The results showed that the open circuit voltage (V oc ) increased with the increased radius of the alkali metal cation and it has been correlated to the shift of electron Fermi level (E F ) of TiO 2 . However, they could not observe a clear trend for the short circuit current density (J sc ) variation, which in general correlates with the ion conduction in the electrolyte. Reported maximum short circuit current density was about 6 mA cm −1 [16] . In a previous report by our group, alkaline cations suitable for quasi-solid state PECSCs were investigated using a polyacrylonitrile (PAN) polymer-based electrolyte series [17] . The ionic conductivity in the electrolyte and solar cell parameters V oc , FF, and power efficiency of the cell series have increased with alkaline cation size. Thus, the highest efficiency of 3.48% for quasi-solid state PECSC series containing unary salts was given by the cell containing CsI [17] . Another study by our group was focused on finding the best salt candidate out of the quaternary ammonium (ammonium, tetraethylammonium, tetrapropylammonium, tetrabutylammonium, tetrapentylammonium, and tetrahexylammonium) iodide series for PECSCs [11] . Out of these salts incorporated into plasticized, PAN-based polymer electrolytes, the best solar cell efficiency was exhibited by tetrapropylammonium iodide-containing cell. The maximum efficiency of 4.30% and a J sc of 10.78 mA cm −2 were shown by the tetrapropylammonium iodide-based cell.
Counterion effects in binary iodide-based quasi-solid state PECSCs
In order to improve the solar cell performance by using mutually competing effects of small and large size cations in the electrolyte, mixed cation-iodide salt containing electrolyte systems has been investigated recently [20] [21] [22] . The general observation has been that larger cations improve the V oc in the cell, whereas the smaller cations improve the J sc . However, due to the complex nature of polymer electrolytes and due to many different competing effects that influence the mass transport in such electrolytes, a careful investigation is needed in order to understand the behavior of these binary salt systems. The cation effect of binary iodide (tetrahexylammonium iodide and MgI 2 )-based quasi-solid dye-sensitized PECSCs was investigated using plasticized PAN-based electrolyte [21] . The electrolyte-containing salt weight ratio Hex 4 NI to MgI 2 100:20 has shown the best solar cell performance highlighting the influence of the binary cations on the performance improvement of the cell. The highest energy conversion of efficiency exhibited by this system was 3.5% [21] .
A PEC solar cell with the mixed iodide system, KI, and tetrapropylammonium iodide (Pr 4 NI) in a PAN-based gel electrolyte has shown the highest efficiency of 5.36% with the maximum J sc of 13.79 mA cm −2 reflecting an efficiency enhancement of about 20% with respect to the lower efficiency end member, Pr 4 NI and about 8% with respect to the higher efficiency end member, KI [20] . In another study, MgI 2 and Pr 4 NI salt compositions in the gel electrolyte have been varied to optimize the efficiency of PECSCs [22] . The cell with binary cations having the MgI 2 :Pr 4 NI molar ratio 18.4:81.6 has shown the highest efficiency of 5.18% showing an efficiency enhancement of 25% compared to the higher efficiency end member with Pr 4 NI only. [22] . A study of PECSCs with an electrolyte having a binary mixture of alkaline cations of Cs + and Li + has also affirmed the advantages of having binary cations instead of a single cation in the electrolyte [23] . The electrolyte containing LiI:CsI with mass ratio 1:1 showed the highest solar cell performance with an energy conversion efficiency of 4.8% under the irradiation of one sun, highlighting an efficiency enhancement of about 23% for binary iodide system compared to single salt counterpart [23] .
The mixed cation effect in dye-sensitized solar cells containing polyvinyl alcohol (PVA)-based gel polymer electrolytes has been investigated using KI and tetrabutylammonium iodide by Aziz et al. [24] . In that study, solar cell with 30% KI and 70% tetrabutylammonium iodide has given the highest efficiency of 5.8%. Efficiency enhancement by binary salt effect for dye-sensitized solar cells has also been demonstrated using poly (1-vinylpyrrolidone-covinyl acetate)-based gel polymer electrolytes with KI and Pr 4 NI as salts [25] .
The present work was focused on finding the best binary iodide system to be used in PAN-based quasi-solid state photo-electrochemical solar cells without using any volatile solvents as plasticizers. Therefore, a series of PECSCs made with plasticized PAN-based gel electrolytes containing one of the five alkali iodide salts LiI, NaI, KI, RbI, or CsI along with Pr 4 NI were investigated. The focus was to investigate the dependence of solar cell performance on the nature of the alkaline cation coupled with the quaternary ammonium cation (Pr 4 N + ) in a gel polymer electrolyte.
Experimental Materials
The starting chemicals, tetrapropylammonium iodide (Pr 4 NI), alkaline metal iodides MI (M=Li, Na, K, Rb, Cs), polyacrylonitrile (PAN, Mw = 150,000), iodine (I 2 ), ethylene carbonate (EC), and propylene carbonate (PC), all with purities greater than 98% were purchased from Aldrich. Prior to use, PAN was vacuum-dried for 24 h at 50°C. Other materials were used as received. Conducting glass plates containing fluorine-doped tin oxide (FTO) with a sheet resistance of 7 Ω cm −2 and sensitizing dye ruthenium 535-bis TBA (tetra-butylammonium) (N719 dye) were purchased from Solaronix SA. Titania (TiO 2 ) powders (purity ≥99.5) of two different particles sizes, P25 (particle size ∼21 nm) and P90 (particle size ∼14 nm), were purchased from Degussa.
Electrolyte sample preparation
Five different gel electrolyte samples containing binary iodides were prepared according to the stoichiometric relation (PAN) 10 (EC) 25 (PC) 20 (MI) 1.2 (Pr 4 NI) 0.75 (I 2 ) 0.12 in order to get a good gel and to keep the molar concentration of the electrolyte constant. In this formula, PAN represents one monomer of the polymer polyacrylonitrile. The weights of raw materials used to prepare the series of electrolytes are given in Table 1 . The relevant weights of EC, PC, and binary salts were mixed in a closed glass bottle and continuously stirred for about 2 h at 50°C. Then, PAN was added to the mixture which was stirred further keeping it at 40°C for about 1 h. Finally, iodine was added to the mixture and heated to ∼100°C along with continuous stirring for a few more minutes until a homogeneous viscous solution was obtained. Then, the resultant electrolyte was allowed to cool down to room temperature and jellify, prior to be used in PECSCs and measurements.
TiO 2 photo-anode preparation
In order to prepare an efficient TiO 2 photo-anode, two layers of TiO 2 films were deposited on a conducting glass substrate. The first layer was spin-coated on a FTO substrate using a colloidal suspension of TiO 2 P90 powder. The second layer was coated on the first layer with a colloidal suspension of TiO 2 P25 powder using the doctor blade method.
The TiO 2 photo-anode preparation has been described comprehensively in a previous work [26] . The dye adsorption to the double-layered TiO 2 film overlaid on FTO glass plates was conducted by immersing the TiO 2 -coated FTO plates in a 0.5 mM ethanolic solution of ruthenium 535-bis TBA (N719 dye). The system was kept for 24 h at room temperature, in order to complete the dye adsorption. Then, the dye-adsorbed TiO 2 electrodes were taken out from the dye solution and rinsed with acetone to remove the unbound TiO 2 particles and loosely bound dye prior to assembling the solar cells.
In order to assemble the PECSCs, for each electrolyte composition, the gel electrolyte was casted onto the dye-adsorbed TiO 2 electrode. Then, platinum (Pt)-coated conducting glass plate (counter electrode) was pressed on top of the TiO 2 electrode to make the quasi-solid state dye-sensitized solar cells. 
Measurements
Complex impedance measurements were taken on gel electrolyte samples by sandwiching the electrolyte between two stainless steel electrodes. The measurements were performed using a HP 4192A RF impedance analyzer in the 10 Hz-10 MHz frequency range. The temperature of the sample was decreased from 60 to 0°C step-by-step for the measurements. The ionic conductivity of the samples was calculated by means of Nyquist plots. Differential scanning calorimetry (DSC) thermograms for the electrolyte samples were obtained using a Mettler Toledo DSC 30 differential scanning calorimeter. Each sample was scanned between −140 and 100°C at a rate of 10°C min
The glass transition temperatures (T g ) were extracted using the second heating cycle.
The PECSCs were illuminated by a LOT-Oriel GmbH solar simulator 1.5 AM, 1000 W m −2 (one sun) in order to obtain I-V characteristics using a computer-controlled eDAQ potentiostat and e-coder. The area of the cell exposed to light was 11 mm 2 , and the scan rate was 100 mV s −1
.
Results and discussion

Electrolyte characterization
The ionic conductivities of two series of electrolytes one with single alkali cation iodide and the other with binary cation iodide were calculated using Nyquist plots. The ionic conductivity variation with the alkaline cations at room temperature (25°C) is shown in Fig. 1 Fig. 2 . The conductivity increases with increasing temperature shown by all the samples is an expected behavior since the mobility and ionic strength increase with temperature [17] . As shown in Figs. 2, 3 , the highest conductivity was shown by RbI-containing electrolyte for these series of electrolytes. However, KI-and CsI-containing samples have also given higher conductivities. The higher conductivities shown by electrolytes containing larger cations can be explained as due to the possible reduction of local viscosity and improvement of polymer chain flexibility with increasing size of cations [17] . Larger cations facilitate ionic dissociation in addition, Li On the other hand, the ion coordination number increases with the cation size. In addition, the viscous force is higher for that of larger cations. The slightly lower conductivity shown by the Cs + (the largest cation in the series)-containing electrolyte compared to the Rb + -and K + -containing electrolytes could be attributed to these two effects.
The temperature dependence of the conductivity of electrolyte samples appears to follow the Vogel-Tammann-Fulcher (VTF) behavior as shown in Fig. 3 [23, 27, 28] . The conductivity data obtained for the two series of electrolytes were fitted to the VTF equation,
where, E a is a pseudo-activation energy, A is a pre-exponential factor and, k is the Boltzmann constant. The pseudo-activation energy E a is related to polymer segmental motion, which can be related to the mobility of charge carriers. T is a reference temperature, the ideal glass transition temperature, usually associated with the temperature at which the free volume disappears. The glass transition temperature (T g ) obtained using DSC measurements was used as T . The E a and pre-exponential factors obtained for different cations are shown in Fig. 4 . The calculated E a values fluctuate around 31 and 33 meV. The pre-exponential factor A is proportional to the concentration of free charge carriers [27, 28] . The conductivity variation with temperature observed in this study correlates with A which is a measure of free charge carrier density.
Solar cell characterization
The open circuit photo-voltage (V oc ) of the two series of quasisolid state PECSCs with single and double cations is shown in Fig. 5 . As revealed in a previous study, the V oc of the single cation system increases with increasing size of the cation [17] . All the binary cationic systems have shown efficiency enhancement with respect to their single cation counterparts. However, the V oc enhancement was very significant for the PECSC with the smallest cation Li + . A 39% enhancement in V oc was observed for LiI-containing PECSC (from 494 to 702 mV) when combined with Pr 4 NI. This significant enhancement of V oc with added Pr 4 NI, an iodide with relatively larger cation, can be attributed to the decrease of the recombination of electrons in the conduction band of TiO 2 with I 3 − in the electrolyte and to the shift of the resulting conduction band due to the cation adsorption by TiO 2 . A similar drop in V oc due to the large size cations, such as Pr 4 N + in the electrolyte in mixed cation systems has been reported by several other groups [11, 17, 20, 22, 26] .
The increase of V oc with the size of the counterion is already an established phenomenon for single cation systems [29] . However, the behavior of V oc in these quasi-solid state PECSCs with electrolyte containing binary iodides is not easy to understand. The increasing trend of V oc has diminished with increasing size of the counterion as seen from , and Cs + is 0.76, 1.02, 1.38, 1.52, and 1.67 Å, respectively [17] . Interestingly, the binary system with the smallest and the largest cation, namely Li + and Cs + , exhibited almost the same V oc of about 700 mV. However, K + ion containing binary electrolyte showed the lowest V oc . This behavior might be due to the competing effects of binary cations to shift the conduction band positions of TiO 2 films and the effects of back electron transfer [20, 23, 29] . Nevertheless, a very significant V oc enhancement was observed when Pr 4 NI is added to the electrolyte containing LiI.
The short circuit current density (J sc ) variations of both the series of quasi-solid state PECSCs with the nature of the counterion (alkali cation) are shown in Fig. 6 . The binary salt system with mixed cations has shown a higher J sc compared to that of the single cation system, highlighting the importance of employing a binary cationic (a large and a small) electrolytes in quasi-solid state PECSCs. The highest J sc of binary salt system, 11.5 mA cm −1 , was shown by RbI-containing solar cell. KI-containing PECSC has also shown a J sc of 11.4 mA cm −1
. In the single cation system, also the highest J sc was shown by the RbI-containing cell, whereas that in the KI-containing cell was the penultimate. Thus, it can be concluded that higher short circuit current density could be obtained by using K + or Rb + as the counterion in PECSCs with mixed cation iodide electrolytes.s
The trend of fill factor (FF) variation of the two series of quasi-solid state PECSCs is shown in Fig. 7 The trend of solar cell efficiency variation of the single and binary cation-based two series of quasi-solid state PECSCs is shown in Fig. 8 . The energy conversion efficiencies in the Fig. 6 Variation of the short circuit current density (J sc ) with the alkaline iodide salts (MI=LiI, NaI, KI, RbI, and CsI) in (PAN) 10 (EC) 25 (PC) 20 (MI) 1.2 (I 2 ) 0.12 electrolyte series with and without Pr 4 NI Fig. 7 The variation of the efficiency and fill factor (FF) with the alkaline iodide salts (MI=LiI, NaI, KI, RbI, and CsI) in (PAN) 10 (EC) 25 (PC) 20 (MI) 1.2 (I 2 ) 0.12 electrolyte series with and without Pr 4 NI solar cells based on a single cation electrolyte increased with the increasing size of the cation. Therefore, the maximum efficiency in this series, 3.48%, was shown by the CsIcontaining PECSC. Subsequently, the LiI-containing cell showed the lowest efficiency, 0.75%, out of the series solar cells. Therefore, a remarkable efficiency enhancement of 364% was observed due to the change of alkaline cation in the electrolyte. It can be inferred from the Figs. 6, 7, and 8 that the gradual efficiency enhancement observed in the single cation system with the increasing size of the cation was governed by the increase of V oc , FF, and J sc .
The binary cation salt system has shown higher efficiencies compared to the single cation system, highlighting the importance of employing a binary cationic (a large and small) electrolytes in quasi-solid state PECSCs. Although, the larger cation-containing cells exhibited higher efficiencies for single cation-based solar cells, the best efficiency of the binary cation system was shown by the KI-containing cell. The binary salt system with KI and Pr 4 NI showed the efficiency of 4.93%. The RbI-containing PECSC has also shown the penultimate efficiency of 4.34%.
Based on the above findings, it can be concluded that in the binary iodide salt-based electrolytes with Pr 4 NI as the iodide salt with a large cation, KI with a small cation appears to be the most suitable candidate out of the alkaline series studied here. This is an important observation since KI is widely abundant on earth, nontoxic, and easy to handle. Further, all the quasi-solid state solar cells based on gel polymer electrolytes having a single alkaline cation have shown efficiency enhancement due to the added tetrapropylammonium iodide. One of the important observations made in this work is the reported increasing trend of J sc with cation size in contrast to the variation seen for liquid electrolyte-based PECSCs, emphasizing the difference in charge transport mechanisms in quasi-solid state electrolytes and liquid electrolytes.
In the binary iodide salt-based electrolytes with Pr 4 NI as the iodide salt with a large cation, KI with a small cation appears to be the most suitable candidate out of the alkaline series studied here. This observation is very important since KI is widely abundant on earth, nontoxic, and easy to handle. In addition, all the PECSCs based on gel polymer electrolytes having a single alkaline cation have shown a significant efficiency enhancement due to the added tetrapropylammonium iodide. The percentage of energy conversion efficiency enhancements observed with added Pr 4 Fig. 8 The variation of the efficiency in the cells with the alkaline iodide salt (MI=LiI, NaI, KI, RbI, and CsI) in (PAN) 10 (EC) 25 (PC) 20 
